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Aortic distensibility and aortic stiffness index were measured at 
the ascending aorta (3 cm above the aortic valve) and the 
mid-portion of the abdominal aorta from the changes in echocar-
diographic diameters and puIse pressure in 14 patients with the 
Marfan syndrome and 15 age- and gender-matched normal con-
trol subjects. The following formulas were used: 1) Aortic disten-
sibility = 2(Changes in aortic diameter)/(Diastolic aortic diame-
ter) (Pulse pressure); and 2) Aortic stiffness index = In(Systolic 
blood pressure)/(Diastolic blood pressure)(Changes in aortic di-
ameter)IDiastolic aortic diameter. Pulse wave velocity was also 
measured. 
Compared with normal subjects, patients with the Marfan 
syndrome had decreased aortic distensibility in the ascending and 
the abdominal aorta (2.9 ± 1.3 vs. 5.6 ± 1.4 cm2 dynes-I, p < 
0.001 and 4.5 ± 2.1, vs. 7.7 ± 2.5, cm2 dynes-I, p < 0.001, 
The Marfan syndrome is a heritable connective tissue disor-
der with major manifestations in the ocular, skeletal and 
cardiovascular systems (1-3). Cardiovascular involvement 
includes aneurysmal dilation of the ascending aorta, aortic 
valve regurgitation, aortic dissection, mitral valve prolapse 
and mitral valve regurgitation. Aortic root dilation and 
related complications are the major causes of death in 
patients with this syndrome (4). 
Histopathologic examination of the aorta in the Marfan 
syndrome reveals cystic medial necrosis, disruption of col-
lagen fibers and degeneration and fibrosis of the media (5-7). 
Biochemical abnormalities of collagen and elastin, the major 
structural proteins in the aortic wall, have been demon-
strated (8-12) in some patients with this syndrome. Re-
cently, decreased content of microfibrillar fibers in the skin 
or cultured fibroblasts, or both, have been reported (13) in 
patients with this syndrome. Decreased tensile strength has 
been reported (11) in the aorta obtained after death from 
From the Division of Cardiology, The Ohio State University. Columbus. 
Ohio. This study was supported by the James Overstreet Cardiovascular 
Teaching and Research Laboratory. Division of Cardiology. The Ohio State 
University, Columbus. Ohio. 
Manuscript received September 17, 1990; revised manuscript received 
December 26, 1990, accepted January 17, 1991. 
Address for reprints: Harisios Boudoulas. MD. Division of Cardiology, 
The Ohio State University, 6th Floor Means Hall, 1654 Upham Drive. 
Columbus, Ohio 43210. 
©1991 by the American College of Cardiology 
respectively) and had an increased aortic stiffness index in the 
ascending and the abdominal aorta (10.9 ± 5.6 vs. 5.9 ± 2.2, p < 
0.005 and 7.1 ± 3.1 vs. 3.9 ± 1.2, p < 0.005, respectively). Aortic 
diameters in the ascending aorta were larger in these patients than 
in normal subjects, but those in the abdominal aorta were similar 
in the two groups. Linear correlations for both aortic distensibility 
and stiffness index were found between the ascending and the 
abdominal aorta (r = 0.85 and 0.71, respectively). Pulse wave 
velocity was more rapid in the patients than in the normal subjects 
(11.6 ± 2.5 vs. 9.5 ± 1.4 mis, respectively, p < 0.01). 
Thus, aortic elastic properties are abnormal in patients with 
the Marfan syndrome irrespective of the aortic diameter, which 
suggests an intrinsic abnormality of the aortic arterial wall. 
(J Am Coli CardioI1991;18:57-63) 
patients with this syndrome who died from cardiovascular 
complications. 
It was hypothesized that underlying structural abnormal-
ities of the aorta in patients with the Marfan syndrome might 
be manifested by abnormal elastic properties. The present 
study was undertaken to test this hypothesis. 
Methods 
Study patients. Seventeen patients (12 male and 5 female) 
ranging in age from 16 to 41 years (mean 26.1 ± 7.2) who 
filled the strict diagnostic criteria for the Marfan syndrome 
(14) were studied. Two patients had mild aortic regurgitation 
and four had mild mitral regurgitation as defined by Doppler 
echocardiography. Patients with a history of aortic dissec-
tion or aortic surgery were excluded before entry into the 
study. All medications were discontinued at least 5 half-lives 
before the study. 
Fifteen age- and gender-matched subjects without a his-
tory of heart disease and with a normal physical examina-
tion, electrocardiogram (ECG), echocardiogram and Dopp-
ler echocardiogram constituted the normal control group 
(Table I). 
Standard noninvasive technology that is not associated 
with any risk or discomfort was used. 
Echocardiography. Echocardiographic examination was 
performed with commercially available equipment (Hewlett-
Packard n022-A). After routine conventional echocardio-
0735-1097/91/$3.50 
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Table 1. Demographic Data, Aortic Diameter, Blood Pressure, 
Aortic Distensibility, Stiffness Index and Pulse Wave Velocity in 
the Two Groups 
Subjects 
Age (yr) 
Malelfemale 
BSA (m2) 
Aortic diameter 
Asc Ao diastolic Aod (cm) 
Asc Ao diastolic Aod/(cmlm2) 
Asc Ao systolic Aod (cm) 
Asc Ao change in Aod (cm) 
Ab Ao diastolic Aod (cm) 
Ab Ao diastolic Aod/(cmlm2) 
Ab Ao systolic Aod (cm) 
Ab Ao change in Aod (cm) 
Arterial blood pressure (mm Hg) 
Systolic 
Diastolic 
Pulse pressure 
Aortic distensibility/aortic 
stiffness index 
Asc Ao dist (cm2 dynes-I) 
Ab Ao dist (cm2 dynes-I) 
Asc Ao stiffness index 
Ab Ao stiffness index 
Pulse wave velocity (m1s) 
Normal 
(n = 15) 
28.9 ± 5.5 
1114 
1.86 ± 0.2 
2.72 ± 0.28 
1.46 ± 0.1 
2.97 ± 0.27 
0.25 ± 0.06 
1.45 ± 0.13 
0.78 ± 0.08 
1.64 ± 0.15 
0.20 ± 0.05 
122 ± 13.3 
74.8 ± 8.9 
47.7 :t 8.9 
5.6:t 1.4 
7.7 :t 2.5 
5.9 :t 2.2 
3.9 :t 1.2 
9.5 :t 1.4 
Patients 
With the 
Marfan 
Syndrome 
(n = 14) p Value 
26.1±7.2 NS 
1215 NS 
2.0 ± 8.6 <0.05 
3.70 ± 1.16 <0.0\ 
1.93 ± 0.55 <0.01 
3.87 ± 1.18 <0.05 
0.17 ± 0.06 <0.005 
1.56 ± 0.32 NS 
0.80 ± 0.15 NS 
1.69 ± 0.33 NS 
0.11 ± 0.04 <0.001 
126 ± 14.1 NS 
81.2 ± 9.6 NS 
44.4 :t 7.5 NS 
2.9 ± 1.3 <0.001 
4.5 ± 2.1 <0.001 
10.9 ± 5.6 <0.005 
7.1 :t 3.1 <0.005 
11.6 :t 2.5 <0.01 
Ab Ao = abdominal aorta; Aod = aortic distensibility; Asc Ao = 
ascending aorta; BSA = body surface area; dist = distensibility. 
graphic examination, patients were placed in a mild left 
recumbent position and the ascending aorta was recorded in 
the two-dimensional guided M-mode tracings. The mid-
portion of the abdominal aorta was also recorded with the 
patient supine with use of the same technique. 
Systolic and diastolic diameters were measured at the 
ascending aorta 3 cm above the aortic valve and at the 
mid-portion of the abdominal aorta. For the ascending aorta, 
diastolic diameter was measured at the peak of the QRS 
complex on the simultaneously recorded ECG and systolic 
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Figure 2. Carotid (left) and femoral (right) artery pulse simulta-
neously recorded with the electrocardiogram (ECG). The time from 
the beginning of the QRS complex to the carotid artery pulse 
upstroke is shown between the perpendicular lines. 
diameter was measured at the maximal anterior motion of 
the aorta (Fig. 1). For the abdominal aorta, systolic diameter 
was measured at the maximal anterior motion of the aorta 
and diastolic diameter was measured lOO ms before the 
beginning of the anterior motion of the aorta. The average 
value of 5 to 10 consecutive beats was used for the final 
analysis. Diastolic aortic diameter was corrected for body 
surface area for comparisons between patients with the 
Marfan syndrome and the normal control subjects. 
Blood pressure was measured at the brachial artery by 
sphygmomanometry with the patient supine. Pulse pressure 
was obtained by subtracting the diastolic blood pressure 
from the systolic blood pressure. 
Left carotid and left femoral artery pulses were recorded 
with the patient supine. The recordings were obtained simul-
taneously with the ECG with use of commercially available 
mechanocardiographic equipment (Hewlett-Packard 
78308-A) (Fig. 2). 
Figure 3 summarizes our methods and indicates the levels 
at which aortic distensibility, stiffness index and pulse wave 
velocity were measured. High quality echocardiographic and 
arterial pulse tracing recordings were obtained in 14 patients 
with the Marfan syndrome and in 13 normal control subjects. 
Figure 1. Measurements of the diameters 
of the ascending aorta (left) and abdominal 
aorta (right). DD = diastolic diameter; 
ECG = electrocardiogram; SD = systolic 
diameter. 
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AORTIC DISTENSIBILITY (Points C and 0) : Change of the 
aortic diameter I change of blood pressure 
STIFFNESS INDEX (Points C and 0) : Natural logarithm 
of blood pressure I change of the aortic diameter 
PULSE WAVE VELOCITY: Velocity of the pulse wave 
from point A to B 
Figure 3. Aortic distensibility and stiffness index were measured 
3 cm above the aortic valve (point C) and at the mid-portion of the 
abdominal aorta (point D). Pulse wave velocity was measured from 
the left carotid artery to the left femoral artery (from point A to B). 
Only these subjects with high quality recordings were in-
cluded in further analyses. 
Calculation of aortic distensibility. Aortic distensibility 
was measured from the changes in echocardiographic aortic 
diameters and brachial artery pressure with the formula: 
Aortic distensibility = 2(Changes in aortic diameter)/ 
(Diastolic aortic diameter)(Pulse pressure) (15,16). 
Calculation of stiffness index. Stiffness index was calcu-
lated with the formula: Stiffness index = In(Systolic blood 
pressure)/(Diastolic blood pressure)(Changes in aortic diam-
eter)/(Diastolic aortic diameter) (17). 
Calculation of pulse wave velocity. The time from the 
beginning of the QRS complex on the simultaneously re-
corded ECG to the upstroke of the left carotid and femoral 
artery pulses was measured (Fig. 2). The distance from the 
left carotid artery to the left femoral artery was also mea-
sured. The average values from lO consecutive beats were 
used for the final analysis. Pulse wave velocity was calcu-
lated as the ratio of the time required for the pulse wave to 
travel from the carotid artery to the femoral artery to the 
distance between these arteries. 
Statistical analysis. Values were expressed as mean val-
ues ± I SD. An unpaired t test and regression analysis were 
used where appropriate for statistical evaluation. A p value 
<0.05 was considered statistically significant. 
Results 
Aortic diameters (Table 1). The diameter of the ascending 
aorta corrected for body surface area was larger in patients 
with the Marfan syndrome than in normal control subjects. 
The diameter of the abdominal aorta corrected for body 
surface area was not statistically different between the two 
groups. Changes in aortic diameter from diastole to systole 
were significantly less for both the ascending and the abdom-
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Figure 4. Relation between the aortic diameter and aortic distensi-
bility for the ascending aorta (upper panel) and abdominal aorta 
(lower panel). 
inal aorta in patients with the Marfan syndrome than in 
normal subjects. 
Systolic and diastolic blood pressure were slightly greater 
in patients with the Marfan syndrome than in normal sub-
jects, but these differences were not statistically significant. 
The pulse pressure also was not statistically different be-
tween the two groups. Arterial diastolic blood pressure in 
the two patients with mild aortic regurgitation was 80 and 
84 mm Hg, respectively. 
Aortic distensibility (Table 1). Aortic distensibility in both 
the ascending and the abdominal aorta was significantly less 
in patients with the Marfan syndrome than in normal sub-
jects. An inverse correlation was found between aortic 
diameter and aortic distensibility for the ascending aorta (r = 
-0.66) (Fig. 4), but there was no correlation between these 
variables for the abdominal aorta (Fig. 4). However, the 
range of diameters in the abdominal aorta was not wide 
enough to permit correlation. A correlation was also found 
between the distensibility of the ascending aorta and that of 
the abdominal aorta (r = 0.85, Fig. 5). 
No correlations were found between age and distensibil-
ity (r = 0.24 for ascending aorta, r = 0.20 for abdominal 
aorta). However, age distribution was too narrow in both the 
patient and the normal group to permit good correlations. 
Aortic stiffness index (Table 1). The aortic stiffness index 
in both the ascending and the abdominal aorta was greater in 
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Figure S. Relation between the distensibility of the ascending aorta 
and abdominal aorta. 
patients with the Marfan syndrome than in normal subjects. 
There was an inverse correlation between the aortic disten-
sibility and stiffness index for the ascending aorta (r = 
-0.93) and the abdominal aorta (r = -0.94) (Fig. 6). A 
correlation was also found between the stiffness index of the 
ascending aorta and that of the abdominal aorta (r = 0.71) 
(Fig. 7). 
Pulse wave velocity (Table 1). The pulse wave velocity 
was significantly greater in patients with the Marfan syn-
Figure 6. Relation between stiffness index and distensibility for the 
ascending aorta (upper panel) and abdominal aorta (lower panel), 
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Figure 7. Relation between the stiffness index of the ascending aorta 
and abdominal aorta. 
drome than in normal SUbjects. An inverse correlation was 
found between the pulse wave velocity and aortic distensi-
bility for the ascending (r = -0.68) and the abdominal (r = 
-0.81) aorta (Fig. 8). A direct correlation was also found 
between the pulse wave velocity and stiffness index for 
the ascending (r = 0.62) and the abdominal (r = 0.82) aorta 
(Fig. 9). 
Figure 8. Relation between pulse wave velocity and aortic disten-
sibility for the ascending aorta (upper panel) and abdominal aorta 
(lower panel). 
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Figure 9. Relation between pulse wave velocity and stiffness index 
for the ascending aorta (upper panel) and abdominal aorta (lower 
panel). 
Discussion 
The present study demonstrated abnormal elastic 
properties of the aorta, as defined by decreased distensibil-
ity, increased stiffness index and increased pulse wave 
velocity, in patients with the Marfan syndrome. Patients 
with the Marfan syndrome tended to have less distensibility, 
greater stiffness index and faster pulse wave velocity than 
did normal subjects. All three of these indexes have been 
used previously (15-25) to estimate arterial elastic proper-
ties. 
Aortic distensibility. An inverse correlation was found 
between the ascending aortic diameter and aortic distensi-
bility, which suggests that the aorta loses its elasticity as it 
becomes larger. There was no correlation between abdomi-
nal aortic diameter and distensibility, but the range of 
abdominal aortic diameters was too narrow to permit corre-
lation. A correlation was found between the distensibility of 
the ascending and the abdominal aorta; this finding indicates 
that for each individual patient, the intrinsic elastic proper-
ties of the aorta rather than its diameter were the major 
determinants of distensibility. 
Abnormal aortic distensibility has been reported (5-
16,20,26-29) in patients with coronary artery disease, post-
HIRATA ET AL. 61 
AORTIC ELASTIC PROPERTIES IN MARFAN SYNDROME 
stenotic aortic dilation associated with valvular aortic steno-
sis, arterial hypertension and advanced age. 
Aortic stiffness index. This index was obtained from the 
logarithmic value of the ratio of systolic and diastolic blood 
pressure and changes in arterial diameter. It has been 
proposed as a pressure-independent index for the evaluation 
of the elastic properties of the aorta. Increased aortic stiff-
ness index has been reported (17) in both the carotid artery 
and the abdominal aorta in patients with coronary artery 
disease. 
Pulse wave velocity. Pulse wave velocity is proportional 
to the square root of the elastic modulus and inversely 
proportional to distensibility (21,22,24,25). The stiffer and 
less distensible the artery, the faster the pulse wave travels 
along the artery. Increased pulse wave velocity has been 
reported in patients with arterial hypertension, in elderly 
individuals (18,22,23) and in experimental animals with 
atherosclerosis (24,25). 
Underlying mechanisms for abnormal elastic properties. A 
pathologic basis for altered elastic properties of the aorta has 
been reported (24,25) in experimental animals with athero-
sclerosis. Increased stiffness of the artery might be attrib-
uted to increased thickness of the intima, severity of ather-
osclerosis and decreased vasa vasorum flow (24,25,30). 
Microscopic pathologic changes of the aorta in the Marfan 
syndrome include cystic medial necrosis, elastin fragmenta-
tion, fibrosis and medionecrosis (5-7). However, those find-
ings are not specific for the Marfan syndrome and may be 
present in elderly individuals and patients with arterial 
hypertension (5-7). These changes may represent alterations 
secondary to trauma and the repair process consequent to 
hemodynamic forces in the presence of the underlying 
connective tissue abnormalities in patients with the Marfan 
syndrome. 
Biochemical abnormalities in the major components of 
connective tissue, such as collagen or elastin, have been 
reported (8,12) in patients with the Marfan syndrome. An 
abnormal alpha chain in type 1 collagen and a deficiency in 
chemically stable collagen cross-linking have been reported 
(9,10) in these patients. A reduction in aortic elastin fibers 
from patients with the syndrome who died of cardiovascular 
complications without collagen abnormalities has also been 
described (11). 
Recently, decreased content of microfibrillar fibers in the 
skin or cultured fibroblasts, or both, has been reported (13) 
in patients with the Marfan syndrome. Microfibrillar fibers 
are prominently distributed within the tissues affected in the 
Marfan syndrome, including ciliary zones and aortic tunica 
media (13). Functionally incompetent microfibrillar fibers 
may contribute to the abnormal elastic properties of the 
aorta. 
Decreased distensibility of the ascending aorta in pa-
tients with the Marfan syndrome may be secondary to aortic 
dilation. However, the correlation between the distensibility 
of the ascending and the abdominal aorta in this study 
suggests that dilation of the aorta and decreased distensibil-
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ity might be attributed to the same underlying abnormalities 
of aortic connective tissue. Patients with more severe in-
volvement of the connective tissue in the media of the aorta 
tend to develop proximal aortic dilation more rapidly. Fur-
thermore, decreased distensibility and increased stiffness 
index were seen in the abdominal aorta, which was of similar 
size in patients with the Marfan syndrome and normal 
subjects. 
Other factors that may alter elastic properties of the aorta. 
Indexes may be influenced by blood pressure, drug therapy 
and aortic diameter (15,17,22,23). The elastic modulus of 
both the abdominal aorta and the carotid artery is dependent 
on systolic blood pressure in both normal subjects and 
patients with myocardial infarction (17). Elastic modulus is 
gradually decreased with a reduction in systolic blood pres-
sure. In this study, stiffness index, which was obtained from 
the logarithmic value of the ratio of the systolic and diastolic 
blood pressure and changes in the diameter of the vessel, 
was independent of blood pressure. Systolic and diastolic 
blood pressure and pulse pressure were similar in the two 
groups in the present study; the slightly different systolic and 
diastolic blood pressure between the two groups and a 
3.3 mg Hg difference in pulse pressure between the groups 
had either no or minimal effect on the calculated indexes. 
Furthermore, because the pulse pressure is used as the 
nominator in the equation for stiffness index and as the 
denominator for aortic distensibility, a slightly lower pulse 
pressure tends to underestimate the differences. Thus, blood 
pressure differences did not account for the abnormal dis-
tensibility and stiffness index found in patients with the 
Marfan syndrome. 
Brachial artery blood pressure was used in this study to 
estimate aortic pulse pressure for the calculation of aortic 
distensibility and stiffness index. Although pulse pressure 
obtained from the brachial artery may be slightly different 
from that obtained from the aorta, previous studies (31) have 
shown a correlation between aortic distensibility calculated 
from brachial artery pressure and that calculated from direct 
aortic pressure. Although two patients had aortic valve 
regurgitation, the degree of regurgitation was very mild and 
both patients had normal diastolic blood pressure. 
All medications were discontinued at least 5 half-lives 
before the study. Thus, the effect of pharmacologic agents 
themselves cannot explain the differences found in aortic 
distensibility, stiffness index and pulse wave velocity be-
tween the two groups. 
Distensibility is known to decrease with age (19,23,26,27). 
Age distribution was similar between normal subjects and 
patients with the Marfan syndrome and thus was not a factor 
accounting for the differences found in the elastic properties 
of the aorta. 
Conclusions. Patients with the Marfan syndrome have 
abnormal elastic properties of the ascending and the abdom-
inal aorta. Decreased distensibility, increased stiffness index 
and increased pulse wave velocity were demonstrated with 
noninvasive techniques. The abnormal elastic properties of 
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the aorta in patients with the Marfan syndrome appear to be 
secondary to diffuse connective tissue abnormalities of the 
aortic wall. 
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